Small-angle neutron scattering (SANS) provides a powerful tool in the non-destructive characterization of statistically representative microstructures in technologically important disordered materials. While qualitative microstructural models must be provided by other methods such as transmission electron microscopy (TEM), SANS quantifies the microstructural parameters and can characterize scale-invariant (fractal) disordered materials such as cements, clays and porous rocks. H20/D20 contrast-variation methods have proved particularly useful for investigating the accessibility of different parts of the pore structure and in differentiating between pore-volume access (measured by other methods) and pore-surface accessibility (likely to control sorption and leaching processes). This paper describes SANS studies of disordered porous materials, particularly the hydration of cement and the real-time permeation of water in clay minerals. Other microstructural effects are also considered.
Introduction
From its earliest development, small-angle scattering has been interpreted using a number of 'standard' approximations and numerical methods to derive microstructural parameters of interest. Examples are: Guinier's approximation (see Guinier & Fournet, 1955) for well defined discrete inhomogeneities, Porod's law (Porod, 1951 (Porod, , 1952 for interphase surface area determination and the Debye model (Debye, Anderson & Brumberger, 1957) for randomly disordered microstructures on a single length scale. Until recent years it has not been possible to interpret fully the strong scattering observed from many technologically important materials (cements, clays, shales, sandstones etc.) because their microstructural disorder extends over many length scales.
The situation has been improved within the last ten years by both experimental and theoretical advances. Computer simulations of random formation processes such as 'aggregation', 'percolation' and 'reaction kinetics' have led to the statistical observation that the microstructures produced by such numerical models exhibit scale-invariant (or fractal) properties over at least part of the scale range (e.g. Meakin, 1983; Witten & Sander, 1981) .
Secondly, the small-angle scattering, associated with these structures, has been derived theoretically to reveal in general non-integral power laws with respect to the scattering vector for the scattering profile (Schaefer & Keefer, 1984; Sinha, Freltoft & Kjems, 1984) .
Finally, it has been observed both that the microstructures of real disordered porous materials appear in TEM images (Lea, 1970; Groves, LeSeur & Sinclair, 1986) to resemble the fractal computersimulated structures and that the small-angle scattering from real porous materials does indeed exhibit the expected power laws over an extended Q range (e.g. Allen, Oberthfir, Pearson, Schofield & Wilding, 1987; Allen, Baston, Bourke & Jefferies, 1989a,b; Mildner & Hall, 1986; Bale & Schmidt, 1984; Wong, Howard & Lin, 1986; Wong & Bray, 1988) . The observed power laws, the intensity of small-angle scattering and the Q range over which such power laws apply can all be used to quantify porous microstructures, provided a basic qualitative model can be deduced from TEM and other information.
In the following sections, specific functional models are discussed for the small-angle neutron scattering (SANS) from fractal disordered porous materials. These models are applied in the interpretation of the SANS from real-time cement hydration and real-time clay permeation experiments. Other applications (e.g. damage effects in cements) are also discussed. It should be noted that the use of neutrons provides not only the advantage of H20/DaO contrast variation to probe accessibility to different parts of the pore structure and surface area, but the penetrating power of neutrons allows macroscopic (-1-2 mm) sample thicknesses to be probed. Thus, SANS is uniquely suited to non-destructively probing the statistically random disordered microstructures of these porous materials. However, the fractal microstructure makes it essential that the scattering associated with the whole length scale of interest is studied. In practice this requires measurements of the SANS over perhaps two decades in scattering vector with good resolution throughout. To meet this requirement all the results discussed in the present paper have been obtained using overlapping ranges of scattering vector on the D I 1 SANS instrument at the High Flux Reactor of the Institut Laue Langevin (ILL), Grenoble (Maier & Blanc, 1987) .
Materials background and theory
Whereas computer-simulated numerical models can produce structures which exhibit scale invariance over unlimited length scales, this can rarely be the case for real materials. Physical constraints defining finite densities and surface areas limit the scale ranges applicable to both 'volume-fractal' and 'surface-fractal' behaviour. Furthermore, in heterogeneous systems, such as cements, clays, shales and sandstones, other non-fractal microstructural components may be present. In SANS experiments it is therefore essential to characterize not only the fractal power law but also the end points of the applicable range of scattering vector and the absolute scattering intensity. From these data it is then possible to determine the size of the microstructural building blocks, the correlation length defining the large-scale limit of fractal behaviour, the fractal exponent and the possible fractal structure involved, also the total surface area and the volume fractions of the phases present. Generally, these results must be derived assuming a qualitative microstructural model determined from TEM or other techniques.
Functional forms for the macroscopic differential coherent small-angle neutron scattering cross section, dZ/d~, of both volume-and surface-fractal microstructures, have been derived elsewhere from the pair correlation function, g(r) (e.g. Sinha, Freltolft & Kjems, 1984) . For the present work, these functional forms have been assembled into one general-purpose model, which has then been adapted for the interpretation of SANS data from (a) hydrating cement systems and (b) clay mineral materials. Figs. l(a) and (b) show the microstructural models assumed for hydrating ordinary Portland cement (OPC) systems and clay mineral materials. These models are based mainly on the TEM and SEM (scanning electron microscope) literature (e.g. Lea, 1970; Vali & Koster, 1986) .
For OPC-based cements which have been hydrating for 28 d or more, TEM images (Double, 1978 (Double, , 1983 using environmental water cells to protect the microstructure can show a remarkable resemblance to the fractal computer-simulated structures produced by assuming single-particle diffusionlimited aggregation (Witten & Sander, 1981) . This material is the outer calcium silicate hydrate (C-S-H gel) product, an amorphous material which forms in the pore space between the original cement clinker grains. The time dependence of this outer-product C-S-H gel formation is well known from isothermal conduction calorimetry (Pearson, 1984) and is followed closely by the changes with hydration time in the SANS for scattering vector Q > 0.1 nm-I [where Q = (4~-/A) x sin(~o/2), ~0 is the scattering angle and A is the neutron wavelength]. The increasing SANS has been shown previously (Allen, Windsor, Rainey, Pearson, Double & Alford, 1982) to be characterized by marked Guinier-law behaviour for Q in the range 0-8 to 1.2 nm-', giving a radius of gyration, R~, of 1.9 nm. For spherical gel globules, this would imply a mean diameter of 5.0 nm. Existence of such 5 nm gel globules appears to be confirmed by TEM images of the inner C-S-H gel, which forms over a longer period within the original clinker grain boundary (Groves et al., 1986) . These images reveal 5 nm specks packed closely together within the inner product. For the SANS model, it is assumed that: the 5 nm gel globules are the fundamental building blocks of an aggregated outer product phase; that the inner product is normally compacted and gives very little scattering; and that large features such as anhydrous clinker cores and Ca(OH)2 crystals simply add a Q-4 Porod scattering component. Diffusionlimited single-particle aggregation (DLSPA) of gel globules is strongly suggested by the extended Q-2.s power law observed in the SANS (Allen et al., 1987) , as is shown in the discussion below. A steeper power law of -Q-3.2 is observed for Q < 0.15 nm-~ and this is believed to be associated with surface fractal behaviour, arising from the deposition of C-S-H gel on the clinker/pore boundary and roughening as water intrudes to form the inner product. For clay minerals, the microstructural model is better established than for cements because the material studied is less prone to electron-beam damage in TEM experiments. It is assumed that the type I porosity in the swelling layers of the swellable clay component phase does not normally contribute significantly to the SANS because the pores are too small. However, the type I porosity can change the scattering contrast, depending on whether H20 or D20 is in the pores. The type II pore structure appears to be a three-dimensional volume fractal network of percolated two-dimensional pores. Some of this fine clay structure is assumed to decorate the larger pore (type III) surfaces and hence gives marked surface fractal behaviour. The associated SANS power laws are less differentiated than in cements and it seems probable that both volumeand surface-fractal scaling remain important across the scale range. However, the disordered nature of clay minerals over an extended scale range is evident in TEM and SEM studies. The microstructure is anisotropic due to the orientation of the bedding planes, but only mildly so (anisotropy of -1.4 compared to a clay particle eccentricity of 5-10). This is probably due to the disordered rumpled nature of the bedding planes -resulting in the gaps which are the type II pores. The anisotropy in the SANS is ignored in the present work because most of the samples studied have been cut parallel to the bedding planes. Mildner & Hall (1986) have developed an elliptical averaging technique to replace the standard circular averaging in producing radially summed data which takes account of the anisotropy.
The fundamental minimum pore size for the type II pore structure is assumed (and observed) to have a thickness comparable to one clay microstructural repeat distance and a diameter comparable to the smallest bedding-plane thickness (5-10 clay repeat distances). Unlike cements where the gel globules are well defined and cannot approach to a centre-tocentre distance less than their mean diameter, the type II pore structure in clays has somewhat arbitrary minimum pore 'building blocks' which can be merged together. Thus, as is to be expected for such a case, there is no well defined Guinier regime observed in the SANS from clay minerals. Nevertheless, the analysis is aided by using the same structural framework for the 'volume fractal' component as is used in cement, and indeed does produce results for porosity and surface area which can be compared with complementary data from other methods. One important simplification for both cements and clays is that the SANS is dominated by the scattering interface between the solid phase and the pore fluid. Consequently, the assumption of a two-phase system is justified for both of these heterogeneous materials.
In deriving the SANS for the volume fractal structure, one makes use of Meakin's (1983) numerical modelling work showing how simple random formation processes lead to fractal microstructures in which the mass or volume of solid material within a radius R of any point in the structure scales on average as R D, where the fractal dimension, Dr, is different from the Euclidean dimension, d. For d = 3, DLSPA gives Dv=2.5 for the aggregate mass. Reaction-limited single-particle aggregation (RLSPA) (in which incoming particles must make many contacts before sticking to the aggregate) gives significantly higher values of Dr, while diffusionlimited cluster-cluster aggregation (DLCCA) gives a smaller Dv. The kind of percolated pore volume assumed for the type II pores in clay gives D~ > 2.5, but one complication here is the eccentric pore shape.
To account for the fractal scaling, the breakdown of fractal scaling at a lower length scale, Rc (due to finite size of the building blocks and correlation hole effects for solid particles), and at an upper length scale, ~¢~, due to geometrical restrictions (the macroscopic density would be vanishingly small for a solid structure with D~ < 3 and no upper scale limit), the following form of g(r) is assumed following the work of other authors (for example, see Sinha et al., 1984) :
where 6(0) is a delta function. The SANS structure factor, S(Q), for the assembly of fundamental building-block elements can then be derived from the defining relation:
The result for S(Q) is then substituted into the full relation for the macroscopic differential scattering cross section for SANS:
where f is the volume fraction of the fractal phase (e.g. gel globules or type II pores) within the sample, IApl 2 is the scattering contrast, being the square of the difference in coherent neutron-scattering-length density between the fractal object and the background medium, and F2(Q) is the form factor for scattering from a single building-block element.
If the second part of (1) is applied for all r (no correlation hole effects at small r), then an exact analytical form of (3) is obtainable by using the well known mathematical relation
to give S(Q) in terms of a normalizing constant, D,. and s~,. (see Sinha et al., 1984) . An exact numerical solution is only possible if the correlation hole is included. However, a working approximation for d2,TdJ2 is given by
where the constants A and B and form factor, F2(Q), must be determined by considering the boundary conditions of the problem.
For the scattering as Q tends to zero [and F2(Q) tends to unity], some analogy may be made with the case of scattering from an assembly of particles (Guinier & Fournet, 1955) . In the present case, any 'building block' of the fractal structure could be considered the seed from which a distended ~scattering particle' can be constructed. The 'occupied volume' within the correlation hole radius, R,., of the centre of any such seed isJ~4~-R~/3, where .f~, is a local 'occupied' volume fraction within the correlation hole, which depends on the mean number of nearest-neighbour building blocks around each seed. The total 'occupied volume' of one such distended 'scattering particle' is then (JL4~'R3/3)(sCv/R,.) D~, where the volume within R,, has been scaled up by the fractal power law to give the total volume out to the correlation length, (v. For a dilute system of scattering particles, the scattering as Q tends to zero would be given by the product of the volume fraction, scattering contrast and the mean particle volume. In more concentrated systems, interparticle interferences might be expected to disrupt this simple picture (Guinier & Fournet, 1955) . However, the correlation function, g(r), for disordered volume fractal structures as modelled completely by (1) does not predict interparticle interferences in the conventional sense -nor are these observed in the scattering from well characterized fractal systems (e.g. see Schaefer & Keefer, 1984; Sinha et al., 1984) . Therefore, we write
The A term in (5) 
where V, is the volume of one 'building-block' particle (i.e. Vp = 7rR3/6 for spherical gel globules of radius equal to half of the correlation hole). The second expression for B is obtained by considering the surface scattering at high Q. Indeed, the true importance of including the B term is for determining the fractal microstructure's surface area per unit sample volume, S,,, from the Porod scattering. Provided the form factor tends to Q-4 scattering in the high-Q limit, 
where Rg is the mean radius of gyration of a single gel globule (-1.9 nm) and b is a parameter which can be varied from the exact value applicable for smooth spheres. For spheres, the correlation hole radius, R~, is equal to the sphere diameter, i.e. Rc = 2Rg(5/3) 1/2.
For clay minerals, the form factor must obey not only the Guinier and Porod laws but also a Q-2 law for Qh ,~ 1 4. QRD where the building-block elements are planar pores of thickness 2h and diameter 2Ro:
where 2h is typically 1-2 nm and the diameter, 2Ro,
is 5-10 times the thickness. The correlation hole radius is assumed to be the mean chord length through the centre of one 'building-block' pore. Hence,
Initial attempts to fit the SANS data from clays using clay particles themselves as the volume-fractal phase proved unsuccessful and produced unphysical volume fractions and microstructural parameters; the above model based on the type II pore structure yields good results compared to other porosimetry data (see Allen, Baston, Bourke & Jefferies, 1989a,b; Allen, Baston & Wilding, 1989) . Both cements and clays contain surface fractal components in their microstructures: C-S-H gel decorating clinker grains and type III pore surface structures, respectively. To model the SANS, a modified derivation of Porod's law is applied, following the work of previous authors (Bale & Schmidt, 1984; Mildner & Hall, 1986; Wong, Howard & Lin, 1986) , defining g(r):
for all r, where sc~ is the correlation length for surface fractal behaviour and So is the 'smooth' surface measured with roughness length scale, sc~. D~ is the surface-fractal dimension and f' is the volume fraction of the phase bounded by the fractal rough interface. The above g(r) assumes a self-affine surface whose roughness scales such that the surface area per unit sample volume at roughness scale r is given by
Use of (2), (3), (4) and (10) 
Here the form factor has been ignored because the SANS power law for QsC~,> 1 is Q-(6-D0. Since 3 <_ Ds < 3, this power law is steeper than that for the volume fractal term, Q-D,, for which Dv < 3. Thus, at the largest Q where the form factor, F2(Q), for the microstructure building blocks is important, the surface-fractal component will normally be insignificant compared with the A and B terms of (5). Simple addition of (5) and (12) (13) gives the correct normalization for C in the case of Ds = 2 [when (12) tends to the Porod law at large Q].
For OPC-based cement systems, the surfacefractal component is clearly scale differentiated from the finer structure of the volume-fractal component. For clay minerals, this is not so and both the rough surface, Ss, and volume fraction, fo, of type III pores are of interest. These can be estimated by assuming Ss = So(sCJRc) °,-2 and fo--~(S0sCs),
where it is implied that surface fractal scaling continues down to surface features on the scale of the type II pore correlation hole radius and that sc~ is comparable with the radius of type III pores.
It should be emphasized that the fractal models are statistical in nature, giving the average microstructural scaling properties. One important difference between the numerical modelling and the SANS experiments is that the former are based on the assembly of one large structure from perhaps a single seed. While such simulated structures may show scale invariance over many decades in scale length, this is rarely the case for real disordered porous materials. The heterogeneous nature of the microstructures may limit fractal scaling to less than a decade in scale length. However, the SANS experiments sample a large number of structures (e.g.
DLSPA aggregates) and so the statistics supporting the observed scaling properties remain representative, even if there are only a limited number of 'building block' elements in individual structures.
For the cements and clays studied, the model used is a simple sum of (5) and (12). Absolutely calibrated data over a continuous Q range, 0.015 to 1.6 nm -~, and the application of realistic constraints to the fitted parameters have proved essential requirements.
To ensure sensitivity to all parts of the Q range and to emphasize the differences from simple Porod scat- 
C-S-H gel 'outer product' (volume fractai):
Globule radius of gyration (R~) 1-9 (1) nm (diameter 5 nm) (Surface to volume ratio 2-4 times that for sphere) Local volume fraction (J).) 62 (2) With these provisions, it has proved possible in the case of cements to obtain (through an iterative process) simultaneous fits for the parameters A, B, C, D~., ~v, D., ~.~, Rg and usually b (although b must sometimes be fixed to a value between 2 and 4). This is not surprising because, although there are nine fitted parameters in all, there are three scaledifferentiated regions in the SANS where surfacefractal (or softening), volume-fractal and form-factor scattering, respectively, dominate. Each of these is described by just three of the above parameters. For clay minerals, such distinctions are less clear and tight restrictions must usually be placed on the permitted variations of h and Rr) for the type II pores. Also, the value of so, found is usually so large that it does not sensitively affect the fit. The number of adjustable parameters in much of the fitting is therefore effectively reduced to six, but simultaneous fits of all the parameters are then eventually possible.
The routine used is the multiparameter fitting program, PKFIT (PCL, 1981) . Table 1 shows that uncertainties in the structural parameters fitted tend to propagate through to larger errors in the volume fractions and surface areas deduced. Note that the contrasts, IApl 2, quoted have been determined from a mineralogical analysis of the phases present, using the neutron scatteringlength data given by Koester & Yelon (1982) , and confirmed from H20/D20 contrast-variation experiments [see Allen, Baston & Wilding (1989) for cements and Allen, Baston, Bourke & Jefferies (1989a,b) for clays].
Experimental
All the SANS data reported were taken using a wavelength of 0.8 nm in a series of experiments on the Dll SANS instrument at ILL, Grenoble (Maier & Blanc, 1987) . Different overlapping Q ranges have been studied by changing both the input collimator waveguide arrangement and the sample-detector distance settings. The full sample-detector range has been used from 1.70 to 35.7 m. The time-resolved permeation experiments have been carried out by cycling the instrument configuration to give data at sample-detector distances of 2.5, 9.7 and 35.7 m. The time-resolved cement hydration data were obtained independently at each sample-detector distance, as were data for standard hydrated samples, used for the initial characterization of each material. Thus, the Q range covered is 0.012 to 1-6 nm -~ when all configurations have been used and 0.015 to 1.2 nmfor the real-time permeation studies. A slab sample geometry has been used in each case, with measured thickness 0.7 to l mm for 'static' samples and the real-time hydrating cement (1.0 ram); and -2 mm thickness for the real-time permeation material. The primary collimation gives an incident-beam cross section of 6mm diameter. All runs have been radially summed, the empty-cell data subtracted and normalized to those for the smallest sample~letector CONFERENCE PROCEEDINGS distance, which themselves have been absolutely calibrated against a standard scatterer (water). Finally, the incoherent flat background scattering (due to water in the sample) has been subtracted. Data from different parts of the Q range, taken at different times, have been combined into a continuous data set, associated with given mean hydration or permeation times as appropriate, although there is inevitably some time smearing associated with the process. Seamless continuous data sets are possible because of the large overlap in adjacent Q ranges and because of good reproducibility in the shape of the scattering profile for the different instrument geometries. The cements studied consist of a pure OPC and a 3:1 blend of blast furnace slag (BFS) and OPC. In both cases, the water-to-cement ratio is 0.4 by weight. Data are presented below for real-time hydration and for chemical and irradiation effects.
Data from two clays are discussed: London clay and Oxford clay. Both materials have been extracted from geological cores. Results from real-time H20/D20 permeation and from long-term diffusion of D20 into these compacted clays are described. tural parameters discussed previously. As Fig. 2 indicates, the initial SANS is dominated by Porod scattering from the anhydrous clinker grains. An initial decrease in the SANS on the addition of water is associated with the reduction of the pore/cement scattering contrast due to some early hydration at the clinker grain surfaces. However, the fine structure at high Q is found at all hydration times to produce a linear Guinier regime for 0.8< Q< 1-2 nm-1 in plots of l n(d2;/d/2) versus Q2, with a radius of gyration, R x, of 1.9 (1)nm [see Pearson & Allen (1985) and Allen et al. (1982 Allen et al. ( , 1987 for further discussion]. This discrete globule size appears to be constant from the earliest hydration times, regardless of the OPC-based cement system studied. There is an initial dormant induction period in the cement hydration (as shown by Figs. 2 and 3) which is not fully understood. Thereafter, the complex behaviour with time at low Q is due to general interface softening effects as the main hydration reactions advance into the cement clinker grains. Unfortunately, data have not been obtained at sufficiently low Q to model completely these effects quantitatively until the surface-fractal structure develops at later times. Use of (12) yields values of D, less than 2, associated with the observed SANS gradient being steeper than Q-4, but such softening effects are best dealt with by a separate analysis (e.g. see Koberstein, Morra & Stein, 1980) . The modelling of the C-S-H gel outer product as a volume-fractal structure is completely quantitative. C-S-H gel formation in OPC is marked by a rise in gel volume fraction, f (Allen, Baston, Bourke & Jefferies, 1989a,b; Allen, Baston & Wilding, 1989) and surface area, SG (here given graphically by Porod's law in Fig. 3a ), a fall in D, to -2.5 and then a growth in the fractal correlation length, ~,, once much of the gel has formed. This is consistent with DLSPA of individual ready-formed globules randomly and singly joining C-S-H gel aggregates. As previously discussed, D = 2.5 rules against a structure formed by cluster-cluster diffusion. This result must be set besides various works in the literature using TEM studies which in different cases show individual gel globules, filament structures or random aggregates for the C-S-H gel product. One explanation may be that individual gel globules carry an electrical charge and so repel each other but that this charge is earthed for globules in an aggregate anchored to a clinker grain, Ca(OH)2 crystal or some other structure. In the BFS/OPC system the initial hydration reactions are slower and so are the changes in D,., S¢, and volume fraction, f However, the growth of the aggregates, given at least initially by the increase in #,., and which is only diffusion controlled, occurs on roughly the same time scale as in pure OPC.
Results and discussion

OPC-based cement ,U'stems
Having established the basic cement microstructure and its associated SANS, other effects can be explored. Fig. 4 shows the effects on the scattering of Na2SO4 chemical attack, as well as irradiation damage (for the BFS/OPC blend). The normalized change in SANS is plotted as a function of the scale length, 1/Q. Long-term sulfate attack appears to break up some of the outer product C-S-H gel aggregate structures, as marked by the fall in SANS associated with I/Q larger than 5-10 nm. This may affect structural integrity but leave individual gel globules intact. Irradiation damage appears to leave the outer product aggregates almost intact, but seems to release a larger number of individual globules (marked by a rise in SANS for I/Q-5 nm). These are assumed to originate in the inner hydrate product, and so loss of inner product may cause the structural degradation in this case.
These applications of SANS to cements show how the technique may be used to probe the material non-destructively and may assist in the development of new cements. This is particularly so if the existence of discrete gel globules can be associated with nucleation phenomena to produce the C-S-H gel phase which binds the cement together (e.g. see Jennings, 1986 ). Fig. 5 shows the SANS data for London clay on a plot of l n(Q4d£/dS2) vs l nQ, together with the fit according to the model previously discussed. Also shown are data for material which has been subjected to 900 h through diffusion perpendicular to the bedding planes by D20. The microstructural model can still be applied and reveals in this case that some 90% of the pore structure has been accessible to D20 diffusion after this time (Allen, Baston, Bourke & Jefferies, 1989a,b) . The similar shapes of the curves for hydrated and deuterated material suggests that type I, II and III porosities in the clay are all accessible to D20 exchange. Other clays are characterized by microstructural fits which differ in the amounts of type II and III pore structure present and in accessibility of the type I swelling layer pores. It is of some interest to study and compare the SANS response of London and Oxford clays in real-time permeation experiments. In such experiments, a hydraulic permeation cell has been used, with neutron-transparent windows for in situ neutron beam studies. A measured sample thickness of 2 to 2.5 mm is required to ensure a good seal around the sample and no leaky paths. The samples have been cut into 10 x 10mm coupons and sealed in the cell between porous steel sinters. The absolute time scales for permeation in the two clays are not strictly comparable as the pressure gradients for the two experiments have necessarily differed to ensure comparable 'breakthrough' times for clays with different measured permeabilities. The pressure gradient for London clay was 800 psi across 1 cm (550 MPa m-1 gradient) and for Oxford clay 680 psi across l cm (470 MPa m-l). The neutron beam averages data over a 6 mm cross section in the centre of the 10 × 10 mm sample area cross section.
Clay minerals
London clay shows a relatively simple exchange, the SANS intensity decreasing to a minimum at contrast match and rising again to a value smaller than the initial one for the hydrated case as the H20/D20 scattering-length density increases from below that of the clay to a smaller interval above it (Allen, Baston, Bourke & Jefferies, 1989a,b; l OO Baston & Wilding, 1989). However, Fig. 6 shows a much more complex change in the SANS for Oxford clay. While the behaviour at large scale lengths, 1/Q, is qualitatively similar to that for London clay, the SANS intensity at the smallest scale lengths, having passed through the contrast-match minimum, rises to values substantially greater than the initial intensity with only H20 in the clay. The only explanation which could account for this phenomenon is that the type I swelling layer pores do not exchange. A high contrast results as U20 is held in close proximity to an increasingly deuterated pore fluid in the type II and III pores. The change in scattering contrast for the type II pores thus yields information on the type I pore access, despite the type I pore dimensions being too small for direct study using SANS. Fig. 7 shows the deduced percentage exchange from H20 to U20 for Oxford clay where it has been assumed that the type I pore water remains H20. A similar graph is obtainable for London clay if it is assumed that here the type I pores are accessed with the type II pores. Most of the type II and III pore water seems to be exchanged within about 3 h in both materials. Comparison suggests (Allen, Baston, Bourke & Jefferies, 1989a,b; Allen, Baston & Wilding, 1989 ) that the diffusive exchange of H20 to D20 in type I pores slows the exchange slightly in type II pores in London clay with respect to the more convectiondriven exchange in larger pores. In Oxford clay, the type I pores are not involved and type II pore-water exchange seems relatively more rapid. Indeed, the restriction on type I pore exchange may impede that in larger-scale pores as Fig. 7 suggests. The complex exchange in Oxford clay makes it impossible to fit the microstructural model in any reliable way. This is not so for London clay and Fig.  8 reveals the exchange in different parts of the pore structure, f and So are assumed to be associated with the type II and III pore structure, respectively. SG, being the total graphically determined surface, gives the average type II and III behaviour. Note how diffusive exchange takes over earlier from convection-driven exchange for the finer type II pore structure (as represented by the curve for exchange in the type II volume fraction, f).
This application of SANS to real-time permeation in porous materials illustrates how the technique may probe convection-and diffusion-limited pore fluid access in different parts of the pore structure. The particular illustration for clays would be highly relevant to studies of other porous rocks such as sandstones where clay particles may decorate pore surfaces and impede pore access.
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